Process of eye tomogram obtaining by means of optical coherent tomography is studied.
INTRODUCTION
Progress in the development of image processing technologies reached the sphere of diagnosis. Among numerous branches of medicine ophthalmology plays an important role. Therapy of ocular diseases includes the analysis and interpretation of images, obtained as a result of diagnosis, carried out. Nowadays there exists various techniques of eye examination, we will distinguish main directions: external examination, slit lamp examination, examination by means of light passage across the apple of the eye, ophthalmoscope, diaphanoscopy, ophthalmodynamometry and fluorescent angiography, biomicroscopy, echo-ophthalmography, electroretinography.
At the same time there exist numerous diseases and eye pathologies that could hardly be assessed by means of the given methods, as they do not give the complete picture of its internal part, besides, some specialists can not make final diagnosis without additional studies.
That is why, there appeared a need in development and practical realization of new devices, enabling not only to assess not only the frontal part of the eye but perform detailed examination of all the layers of its internal composition. Leading specialists of the USA, Japan, Germany, Israel, Poland and other countries studies this problem. The investigation of the posterior part of the eye enables to determine at early stages such diseases as: glaucoma, macular rupture, macular edema, sub retinal neovascular membrane, retinal dissection, optic nerve disorder and others. That is why, methods of visual field investigation, optic papilla visualization and layer of retina nerve fibers study are developing at a rapid pace.
The following diagnostic devices were considered: In spite of the wide range of available modern equipment, physicians came across with certain limitations, inherent to this or that type of equipment.
As main criterion of the device efficiency is the ability to detect diseases or its progression with the most possible accuracy, then it is worth discussing the sensitivity and specific features of the technique in question. In particular, method of optical coherent tomography (OCT) is one of the most reliable methods of retina diagnostics, if it concerns its rupture in macular area, that is why, the next step of the research was the survey of the problems of diagnostics of this very pathology.
METHOD
OST-is a method of diagnostics, that enables to obtain in vivo 2D cross-section images of the retina, optic papilla and structures of frontal part of the eye 1, 2, 3 . This technique is often compared with virtual biopsy.
But this method has some limitations: limited number of data points; limited application in case of posterior subcapsular and cortical cataracts; lack of quality automatic control; very high variability of the normative base of healthy people creates complications during the first study; ocular movement makes impossible repeated scanning in one and the same position; necessity of additional midriasis; high price of the equipment.
OCT is optical method of investigation, in enables to show organism in cross-section cut with high divisible ability that provides the obtaining of life-time morphological information on microscopic level 4 . Basic information parameter of OCT is the module of mutual coherence function of low -coherent radiation. Principles of the device and OCTequipment operation are based on wave properties of light. The advantage of the given method is that the given radiation range of small power radiation, does not produce negative impact on the investigated tissues.
The given method -is non invasive, it does not have any limitations regarding the patient`s health. OCT enables to assess the value and the depth of light signal, reflected from different by optical properties tissues Axial division ability of 10 μm provides the best visualization of tissue microstructures. When light beam is focused on the target, its dissipation and partial reflection from internal microstructures occurs at different depths.
Radiation of low coherent source is created by numerous tiny light beams, each impulse of these beams has the property of coherence and the same duration. In its turn, duration or "width" of these impulses is a coherent length of the light source: the shorter is the length, the more accurate interferometric measurements are and separating power of the method is. Low coherence of radiation beam is possible due to wide spectral ,band ∆λ, that gives, in its turn, high spacial separating power ∆z in probing arm along the total depth of the obtained scan:
Localization of the longitudinal component of the measured volume, using super luminescent diode with the wavelength of 800-1700 nm and ∆λ=20-100 nm reaches ∆z=5000-15000 nm 5 . Such short coherent impulse lasts (15/50)*10 -5 sec.
Image in two planes in the form of the tomogram is obtained in the process of tissue scanning by means of optical beam in various directions 6 . On the level of 10-15μ structures of optical inhomogeneities, that depend on variations of the coefficient of light back-scattering, reflected from cellular structures of tissues are differentiated. Optical coherent tomograms are presented in the form of logarithmic black-white scale. For better perception of the image, the program that is transformed into pseudo-color image, is used, the section of the image with high degree of light reflection correspond to green and white color and optically transparent-black. 
Mobile no
Information, regarding the state of the tissue, obtained by means of OCT, reflects not only the structure but also its functional peculiarities. Especially important is the information on the structure of retina, this information is difficult to obtain by means of other methods, besides the study of the retina OCT enables to assess rather exactly the state of the disk of optic nerve. Techniques both of radial and circular scanning are used for this purpose.
Radial scans across disk of optic nerve (DON) enable to obtain the cross-sectional image of the disk and assess its structure, degree of excavation, thickness of nerve fibers layer in peripapillary area as well as angulation of nerve fibers relatively the surface of DON and retina. Circulation scan around DON enables to measure the thickness of nerve fibers layer in different parts around the disk and assess their structure. Tomogram is presented in "expanded view" form, in the form of flat linear image.
The thickness of nerve fibers layer and retina could be automatically processed by the computer and present it on the screen as an averaged value of the whole scan, separate quadrant (upper, lower, temporal, nasal) or preset meridian. This allows to detect both local defects and diffuse disorder that is very important for reliable diagnostics and monitoring of pathological processes in case of neurodegenerative diseases.
Technically OCT is carried out in the following way. After the input of patient`s data (number of the patient card, last name, first name, date of birth) physician starts performing medical examination. Fig 1 In case of high acuity of vision the patient fixes his eyes on twinkling object in the lens of fundus-camera. Camera is approaching the eye of the patient until the image of the retina is represented on the monitor. After that the camera should be fixed by pressing the button of latching device, and the sharpens of the image must be adjusted.
If the acuity of vision is low and the patient does not see the twinkling object, then, in this case, the external illumination should be used and the patient must stare straight before him, without winking. Optimal distance between the eye and the lens of the camera -9 mm. Research is carried in "Perform scan" mode and is controlled by means of control panel, represented by regulation buttons and manipulators. Scanning in Repeat mode allows to perform a series of scans in identical sections of the tissue in case of revive studies. The obtained image is stored in computer data base. After the study performed the analysis of the scans is carried out -"Analyze Scan". The list of all the performed scans of the patients appears on the monitor, also there is a possibility to examine 3D reproduction of the tomogram (Fig 2) . Below the list two button are located "Process" and "Measure", they contain commands to be applied to the image, selected from the list.
Button "Process" contains the following commands:
1. Normalize -this function present data, obtained in the process of scanning and further clearing from obstacles -"optical noise", emerging in case of different types and conditions of scanning.
2. Align -this function enables to align images, obtained in the process of small motions by patient eyes. Align and Normalize combines the above-mentioned functions. Button -"Measure" contains the following options:
1. Retinal Thickness -option is active at any types of linear scanning.
Measurement is performed after processing of the data, pushing the section Track, selected from the Menu. After that, by means of computer "mouse" the indicating cursor is passed to the investigated area of the processed image of the scan, below graphical data are shown automatically, and numerical data in microns appears in the section "Thickness" (Fig 3) .
2. Scan Profile -scan profile is shown on the monitor, when this option is used. The obtained quantitative measures could be compared with the standard normal values or values, obtained in the process of prior examinations and stored in computer memory.
As it is seen in Fig 3a OCT does not always determine retina thickness accurately, this results in not accurate interpretations on the color maps and results of examination. That is why, there appeared the need to create system of analysis that would not only perform processing and assessment of the obtained images but would make a conclusion, regarding the most probable pathology for the researcher. [mm]
circular scanning. Measurement is also performed after data processing, pressing section Track, that rotates with the menu. Numerical indices are presented below, on the graphs (Fig 4) .
REALIZATION
Performing the analysis of the existing pathologies of eyegrounds main problem directions were chosen. These problems are being solved up till now by leaning specialists in the given field, in particular, Libman E. S. 7 . For detailed examination, the author selected the class of problems, that includes idiopathic macular ruptures (IMP).
Pathology of macular area of the retina, occupies the leading positions among adult population in the developed countries. One of such disorders that leads to irreversible aggravation of vision are senile or idiopathic macular ruptures. Idiopathic macular rupture (IMR) is one of the most widely spread damages of central area of the retina, that has the defect of the retina in macula lutea area, that occurs in elderly patients 8 . Prevalence of IMP is approximately 0.05% [8] [9] [10] and occurs among 3% of elderly people (most often the disease occurs among women) 8, 11 . In 22-59% of cases the process is bilateral, in case of unilateral course of the process the risk of rupture development on the other eye during the next five years is 15% 8 . Figure 4 . Graphic representation of retina layer thickness and its nerve fibers in expanded view.
The forecast, as a rule, is not favorable with permanent blurring, even up to second decimal places. In this connection, the given disease is often become the cause of disability 2 . In spite of a number of research, etiology and pathogenesis of IMP are presented insufficiently. Basic device, that registrates and carries out analysis of these pathologies is OST. According to the data of optical coherent tomography the following phenomena are observed in case of IMP: thinning and inhomogeneity of choriocapillaris, increase of light reflection as a result of the consolidation of vascular wall, that could indirectly confirm the disorder of the local haemodynamics.
It is seen in Fig 5a that high degree of light reflection is characteristic for the layer of nerve fibres, pigmental epithelium of retina, choriocapillaris, low----for vitreous body and photoreceptors.
External edge of the retina during OCT is limited by highly photo-reflective bright -green layer that is a single complex of pigmental epithelium of the retina and choriocapillaris layer, however under fovea, where the pigmentation is the most saturated, the dissociation of these layers is observed 12 .
It should be noted, that in vivo, the thickness of choriocapillaris layer is greater than it is determined in the process of histologic examinations, as blood flow termination in the vessels after the death and derangement of metabolic process in the tissues leads to their thinning. Darker strip, that is determined on the tomogram directly prior to the complex of pigmental epithelium of the retina -choriocapillaris, is presented by photoreceptors. Sharp contrast between them enables to perform measurements of retinal tissue thickness. In the centre of macula lutea it is approximately 150μm, near the edge of macular -approximately 250μm.
Bright green line on the internal surface of the retina corresponds to the layer of nerve fibres. Vitreous body in the norm is optically transparent, that is why, on the tomogram it is of black colour. In the process of the disease the disruption of physiologic integrity and functionally of vision system occurs. Summing up it can be asserted that key mechanisms of IMP formation pathogenesis is the decrease of vitreous body volume, formation of vitreomacular tractions, defect creation in the retina, violation of pigmental epithelium and choriocapillaris, formation of cystic edema with further degeneration of the retina, creation of epiretinal membrane 8 .
It was noted that in the process of measurements on the tomograms certain drawbacks were detected regarding the exact determination of transition boundary between the macular of the retina and vitreous body (Fig 5b) 13 -15 . Measurements data are very valuable for determination of retina thickness and foveolar area depth while evaluating the state of the progress of different pathologies of the eyegrounds. That is why, the development of accurate technique, intended for the processing of tomograms in the process of diagnostics is very actual.
As in the process of analysis and interpretation of debatable data, regarding the state of the patient"s eye, the researchers often have different opinions on the problem, hence, there is a need in increasing the reliability of pathology state assessment.
To create the data base of pathologies and norms of macular area of the retina 103 patients (164 eyes) participated in the research, 41 (82 eyes) of them were without ophthalmologic and accompanied somatic pathology and 62 (96 eyes) with available macular pathology. Age of the patients was 28-74 years, greater part of them were women -73%, pathologies on both eyes were observed in 42% of patients 16 .
The progress of IMP was divided into 4 stages 17 :
1. Stage 1a (prerupture) -initial form of IMP, it is seldom determined clinically, as a rule, it is observed in patients who had macular rupture on the other eye.
Stage 1a is revealed as a result of tractions that lead to pulling of foveolar retina, that is represented by the emerging of macula lutea in the foveola and intraretinal cyst is reflected on the coherent eye tomogram.
2. Stage 1 b (potential rupture) -the result of foveola retina displacement from the centre, it is characterized by the emerging of macula lutea, accompanied by the decrease of visual acuity and lack of foveolar reflex.
3. Stage 2 (early complete macular rupture) -defect of the retina, that can take different forms, in general, oval, semilumar horseshoe forms are distinguished, it has diameter less than 400 μm with psendocap or without it. As a rule, the duration of the transition from the first stage to the second takes from 1 weak to several months.
4. Stage 3 (established complete macular rupture) is characterized by the circular defect of the retina, the diameter being more than 400μm, with the adjacent rear haloid membrane, with psendocap or without it.
5. Stage 4 -is characterized by the increase of retina defect on its total length, that causes the loss of photoreceptors, also, on the bottom of the rupture tiny particles could be noticed. Rear part of vitreous body is exfoliated, degenerative changes of the retina occur, taken together, this leads to the decrease of visual activity.
For the detailed examination of eye state, it was suggested to evaluate a number of indices during diagnostics. Main information parameters, showing the difference of one pathology from another and enable to study the tomogram of the macular area of the retina were the following: availability of the edema in macular area; width of the pit as a result of IMP progress; retina thickness in foveola area, thickness of the retina in fovea area ; state of the central vision, availability of vitreous body exfoliation.
To sum up the results, according to the data of macular area of the retina, regarding various stages of IMP progress, the study of 103 patients was carried ant. For transmission of the created tomograms unit of data input and preprocessing was developed, the unit must process image and accurately identify division boundary between vitreous body and retina by means of the developed method 13, 18 . Then the obtained, processed image must be written in the unit of knowledge base enrichment for the correct interpretation while carrying out the dynamics of the progress or regress of this or that pathology. Unit of knowledge base formation is responsible for storage of the data, obtained before and references, existing on the norms and pathologies of macular area of the retina.
Further, the obtained data will be processed by fuzzy logic unit, that will enable, having at its disposal data of knowledge base and obtained image of the patient, perform the analysis and give the result or this or that disease. Physician, in the process of diagnosis of such serious retina diseases as IMP, will be able to obtain more data and make a conclusion, regarding the state of patient's retina 19 . Accordingly, each unit of the developed system has its functional possibilities, which play an important rule in system operation. Unit of information input and its preprocessing. Prior allocation of the contours of macular area it is necessary the input image, obtained by means of OCT, to simplify, as it is impossible to work with color image, spending much time without simplification. That is why, first, in the obtained tomogram we remove noise by means of median filtering and afterwards we perform the conversion of the color image into shades of gray. Then the image must be binarized to remove the contours of the redundant objects and, by means of Sobel filter, perform its segmentation, that will give the possibility to enhance the contours of the macular area 20 .
Unit of preprocessing comprises the following components: unit of image filtration, unit of color image conversion into half-tone one; colors inversion; unit of images binarization; unit of contour enhancement on the image; second inversion; mask-layer coating on initial image. Figure 6 . Graphic interface of the system, developed for processing and analysis of biomedical images of the macular area of the retina.
Realization of the unit of information input and its processing by the system of structural changes analysis in the process of IMP diagnosis is shown in Fig 7, where 1 -open the file; 2 -close the file; 3 -save the file; 4 -initial image; 5 -color (represent the value of R, G, B); 6 -contour enhancement; 7 -graph plotting; 8 -improvement of image parameters; 9 -full screen mode; 10 -help; 11-analysis of images histogram; 12-button, responsible for the launch of the process of automatic allocation of macular area boundary; 13 -histograms by R, G, B; 14 -language 18 .
The given program-algorithmic support is realized in MICROSOFT Visually Studio environment, by means of Visual C#:
The given program is compatible with such operation system (OS) as WINDOWS 2000, WINDOWS XP, VISTA, WINDOWS 7, and WINDOWS 8. Also after performing these operations, the operator could perform γ-correction of the image for changing its brightness and better perception by the researches.
Unit of knowledge bases formation. The operation of this unit consists of collecting the total data base of image at different stages of IMP progress of corresponding patients.
This data base gradually is replenished with new data. Also this unit registrates all the data, obtained in the process of measurement of nerve layer thickness of each patient.
Unit of knowledge base replenishment. The operation of this unit depends on the information, contained in it. In the given case, it has certain data base regarding the tomographic images of different areas of eye grounds, obtained by means of SOCT Copernicus on the base of the Department of Eye Diseases of Vinnitsya Pirogov National Medical University. The user has the possibility to save data concerning each new patient, it provides the possibility to show the dynamics of pathology development. Unit of reference storage. The given unit is responsible for storing the arriving references. Each reference is assigned the address, by which it is called, if necessary. Reference formation is responsible for generation of the ideal image for each stage of IMP progress and the image, healthy eye must have without pathologies. On the base of the comparison of the give reference and real image the conclusion are made, whether the patient has pathology or not. The given unit is formed by the experts in the sphere of ophthalmology.
Unit of membership function setting. The given unit is responsible for the creation of each membership function for values Xi that is the basis of fuzzy logic functioning, which is realized for the selection of the real diagnosis, regarding the stage of IMP progress.
Unit of membership function storing. This unit stores the obtained functions from the adjustment unit, that further will participate in calculations.
Unit of fuzzy processing and output. The operation of the given unit is of grat importance in the operation of the whole system, because the calculation of all the values of M(y і ) occurs in it , and on the base of the obtained set determination of max M(y) takes place, it will correspond to the most probable pathology 21 .
Program realization of the units of the developed system is shown in Fig 8 . For performing calculation and image processing CUDA (Computer United Device Architecture) was used. CUDA -it is a hardware architecture of video adaptors, developed by the company nVidia, the technology enables to use graphic adaptor for general purpose calculation. Image processing and other graphic information is one of the processes, that could be parallelized, that is why, application of graphic processors and CUDA for their realization gives considerable speed increase and, as a result, allows to decrease the time of one image processing, perform processing of more images per unit of time and reduce the duration of diagnostics process.
Display. This unit is responsible for final form of images analysis, presentation of the result to the operator and the operator, proceeding from the results, will make conclusions, regarding further treatment. All the data could be stored in patient`s file and print out, if necessary.
Data of the diagram could be used in the process of dynamic observation over the course of the progress or regress of the disease. It enables to improve the process of diagnostics.
By means of the developed system of structural changes analysis in the process of IMP diagnostics, using the images, obtained by OCT, early diagnostics of optic papilla and retina could be made as the earliest changes could be observed and diagnosis would be made , taking into account the fact that the vision, lost as a result of IMP progress could hardly be restored. These studies are necessary for nursing patients in dynamics and correction of the prescribed treatment. The model of the developed system is shown in Fig.6 .
CONCLUSIONS
The analysis of scientific engineering and medical literature, carried out, showed that optical coherent tomography is the most expedient and informative method of investigation for the diagnosis of macular area, it reflects the structure of biological tissues of the organism in transaction with high distributive capacity that provides the obtaining morphological information on microscopic level [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . It shows that in the process of analysis of macular area tomograms, obtained by means of OCT, a number of drawbacks, connected with exact determination of transition boundary between macular of the retina and vitreous body revealed that stipulated the necessity of development the technique of high accurate processing of the obtained tomograms.
The usage of fuzzy logic units was suggested in the process of diagnosis, regarding the stage of IMP progress. The developed system refers to the sphere of biomedical diagnostic equipment and can be used for creation of efficient systems of diagnostics, with the possibility of permanent control and, if necessary, supplement and presentation of biomedical information in graphic form, comprehensible for users. By the results of theoretical and practical research, technique of the analysis, intended for the study of macular area of the retina, using fuzzy logic facilities is formed it enables to enhance the efficiency of complex diagnosis of eye grounds pathologies. Our next investigation -control of the development of different forms of AMD (Age-related Macular Degeneration) and the influence of angiogenesis ingibitors (anti-VEGF factors) on this process.
